ABSTRACT Current control strategies for avian influenza virus, exotic Newcastle disease, and other highly virulent poultry diseases often include surveillance, quarantine, depopulation, disposal, and disinfection. On-farm depopulation and disposal methods reduce potential movement of virus and improve biosecurity. Water-based foam depopulation was developed as a potential alternative mass emergency poultry depopulation procedure. The use of water-based foam is conditionally approved by the USDA Animal and Plant Health Inspection Service for use with floor-reared birds. This study reports on the use of water-based foam to depopulate other species including call ducks, chukars, Pekin ducks, and Japanese quail. Foam caused a rapid onset of airway occlusion. Although all species tested were depopulated with water-based foam, the time to cessation of activity varied by species, with quail being faster than chukars, broilers, and ducks.
INTRODUCTION
The possibility of a highly pathogenic avian disease outbreak is an ongoing concern for the poultry industry. Control of poultry diseases requires surveillance, rapid detection, confinement, depopulation, disposal, and disinfection. Quarantine of the area is an immediate step in control of an infectious poultry disease and can significantly reduce the spread of the disease. Birds that are infected or suspected of infection are depopulated or culled using the most expedient and humane methods available. Depending on the nature of the disease outbreak, vaccination can be an essential part of the response plan. Vaccination can increase resistance to field virus challenge, reduce shedding levels in vaccinated birds, and improve transmission dynamics. Vaccination and depopulation can be used together as control measures for avian influenza.
Depopulation of infected birds must balance human health, animal health, and other risk factors. The American Veterinary Medical Association describes euthanasia as "rapid loss of consciousness followed by cardiac or respiratory arrest and the ultimate loss of brain function" (AVMA, 2007) . During mass emergencies such as a disease outbreak, there are fewer options. The AVMA Guidelines on Euthanasia devotes only 1 paragraph to mass euthanasia, which states "Under unusual conditions, such as disease eradication and natural disasters, euthanasia options may be limited. In these situations, the most appropriate technique that minimizes human and animal health concerns must be used" (AVMA, 2007) .
Gassing is one of the accepted methods for euthanizing poultry. Gassing methods have been studied under laboratory conditions and used to develop field depopulation methods (Poole and Fletcher, 1998; Lambooij et al., 1999; Gerritzen et al., 2000; Raj et al., 2006) . Carbon dioxide, Ar, N 2 , and mixtures of the individual gases are most commonly employed. Argon and N 2 displace O 2 in the air, whereas CO 2 directly affects the central nervous system as well as displaces O 2 . Carbon dioxide has an anesthetic effect but at the concentrations required to kill poultry can cause irritation and pain to the mucosa (Raj et al., 2006) . Argon and other inert gases may cause less aversion than CO 2 alone (Raj et al., 2006; Niel and Weary, 2007) . Carbon dioxide gassing is one of the most widely used procedures for large-scale emergency depopulation of meat-type birds. For CO 2 gassing, 2 basic approaches include whole-or partial-house gassing and containerized gas euthanasia systems (Raj, 2008) .
A large portion of the depopulation or euthanasia research has been performed on broilers or spent layer hens, and for other species, gassing may not be so straightforward. Gerritzen et al. (2006) questioned the suitability of gassing procedures for all poultry, specifically ducks and turkeys. In particular, field experience showed that it was difficult to kill ducks and turkeys, although it was not clear whether the difference was due to housing conditions or physiological responses.
Although differences between the ducks and turkeys were observed during laboratory gas stunning experiments, the differences were not sufficient to require changes in techniques (Gerritzen et al., 2006) .
In particular, previous research raises questions on the potential effectiveness of water-based foam depopulation procedures for ducks and other species. Birds generally tolerate exposure to hypoxia better than mammals and diving birds are less susceptible to asphyxia and hypoxia (Powell et al., 2004) . In addition, ducks may contain physiological mechanisms that enable them to withstand hypercapnia and prolong death (Hawkins, 2001) . In laboratory gassing trials, however, the physiological ability of ducks to respond to hypercapnia and hypoxia was not observed (Gerritzen et al., 2006) . Gerritzen et al. (2007) showed significant differences in the required gas concentration to cause loss of posture (and loss of consciousness) during CO 2 gassing of broilers (19.0%) and ducks (23.8%). In a separate trial, Raj (2008) documented that Aylesbury ducks survived for 5 min during exposure to 70% CO 2 and a minimum of 80% CO 2 would be required to kill within 2 min. In addition, Raj et al. (2006) cites unpublished data in which 40 min was required to kill 67,000 ducks and geese exposed to 80% CO 2 .
The welfare of other species, specifically quail and chukars, during stunning, slaughter, and appropriate emergency depopulation procedures has not been as well studied as with other avian species (Tserveni-Gousi et al., 1999) . With Japanese quail, Ar or Ar-CO 2 resulted in loss of posture with 9 s (Ar) and 8 s (Ar-CO 2 ) and cessation of movement in 54 s (Ar) and 57 s (Ar-CO 2 ).
Water-based foam was developed as an alternative mass emergency depopulation method (Dawson et al., 2006; Benson et al., 2007) . The foam depopulation process uses medium or high expansion foam generation equipment to create a blanket of water-based foam over the top of the birds. Immersion in the foam causes rapid occlusion of the airway, resulting in cessation of brain and heart activity. With increasing concern over human health risk during avian influenza virus outbreak response, the water-based foam procedure can significantly reduce the number of responders and limit human exposure to the virus.
The water-based foam depopulation procedure was conditionally approved in 2006 by the USDA Animal and Plant Health Inspection Service (USDA-APHIS) for floor-reared meat-type birds. Water-based foam depopulation was developed and tested for broilers (Dawson et al., 2006; Benson et al., 2007) and turkeys (J. Howard, North Carolina Department of Agriculture, personal communication). Water-based foam depopulation was not specifically developed for ducks or other species. The use of water-based foam is conditionally approved for scenarios in which animals are (1) infected with a potentially zoonotic disease, (2) experiencing an outbreak of a rapidly spreading infectious disease that cannot be easily contained, or (3) housed in structurally unsound buildings.
A dry foam depopulation procedure was developed as an alternative to the water-based foam procedure . With dry foam, an inert gas such as N 2 is included in the foam. As the bubbles break down, the inert gas is released into the atmosphere around the birds, resulting in acute hypoxia and rapid death. Initial tests were performed in Perspex chambers and field data are not yet available .
The objective of this paper was to evaluate the suitability of water-based foam for other species, specifically Anseriformes platyrhynchos (call and Pekin ducks), Coturnix japonica (Japanese quail), and Anseriformes chukar (chukar).
MATERIALS AND METHODS
Three separate experiments were conducted to evaluate the use of water-based foam for ducks and other species. In experiment 1, individual Pekin and call ducks were depopulated with water-based foam. In experiment 2, individual chukars and quail were depopulated with water-based foam. In experiment 3, groups of Pekin ducks were depopulated using water-based foam.
All testing was performed under the approval and guidelines of the University of Delaware Agricultural Animal Care and Use Committee and followed the guidelines laid out by the Federation of Animal Science Societies (FASS, 1999) .
Instrumentation
In all 3 experiments, accelerometers were used to measure postconvulsion cessation of motion. In experiment 1, one bird per replication was instrumented with an accelerometer. In experiment 2 and 3, two birds per replication were instrumented with accelerometers. The use of accelerometers to measure postconvulsion cessation of motion was validated for broilers in . In this study, that assumption is expanded to other avian breeds. Under that assumption, motion cessation times were collected for all of the birds in this study. To ensure the capture of all relevant signal critical points, each bird was monitored for a period of 15 min (900 s). Although accelerometers were used to measure motion cessation for this study, during mass emergency depopulation, additional sensors would not be used.
To detect cessation of motion, a PCB Piezotronics shear mode accelerometer (Depew, NY) was attached to the left leg. Two different accelerometers were used during the study. The model 353B16 accelerometer had a sensitivity of 1.02 mV·s 2 /m ± 10% (10 mV/g ± 10%) capable of operating over a range of ±4,905 m/s 2 (500 g) of peak. A higher sensitivity model 352C66 accelerometer operated at 10.2 mV·s 2 /m ± 10% (100 mV/g ± 10%) over a range of ±491 m/s 2 (±50 g) of peak. The output from the accelerometer was passed through a PCB Piezotronics model 480C02 single-channel signal conditioner connected to a National Instruments PCI-6036E data acquisition card (Austin, TX). The conditioned signal was collected at 10 Hz in a custom written National Instruments LabVIEW virtual instrument. Text files generated by the virtual instrument were processed through a custom program written in Visual Basic for Applications in Excel (Microsoft Corp., Redmond, WA) to reduce the signal frequency and chart the data. For depopulation, the accelerometer signal characteristic of interest is a mean 0-V signal (flat line) occurring after convulsions.
In experiments 1 and 3, electrocardiographs (ECG) were collected from the same bird instrumented with accelerometers. Immediately before depopulation, ECG electrodes were attached to each leg and the right wing. The ECG signals were processed through a Biopac Systems Inc. MP30A acquisition unit (Goletta, CA) and recorded using Biopac Student Lab software. Analysis of the ECG signals was conducted using Biopac Student Lab Pro to review the recorded signals in detail and find critical points. Electrocardiograph stabilization was determined as the point at which the baseline voltage for the heart signal returns to approximately 0 mV after the completion of tonic convulsions.
Water-Based Foam
Different types of foam equipment were used in each experiment due to available equipment and operating conditions for the experiment.
For experiment 1, foam was created using an Amerex model 250 foam fire extinguisher (Trussville, AL) with 1% Ansul Jet-X high-expansion foam concentrate (Marinette, WI). Up to 2 fire extinguisher loads were required to create sufficient foam for head coverage and depopulation. Postexperiment testing showed expansion rates averaged 2.4:1, less than the USDA-APHIS guidelines for water-based foam depopulation.
For experiment 2, foam was created using Spumifer AG-1 nozzle-type foam depopulation system (Ridgefield Park, NJ). A 1% solution of ICL Performance Products Phos-Check WD881 foam (St. Louis, MO) and water was premixed on the day of trial. A Darley 2-1/2AGE 31BS pump (Itasca, IL) driven by a 23-kW (31 hp) Briggs & Stratton Vanguard gasoline engine (Milwaukee, WI) provided a rated water delivery performance of 1,136 L/min (300 gal/min) at 586 kPa (85 psi).
For experiment 3, foam was created using Kifco AviFoamguard (Havana, IL) with Spumifer AG-1 nozzle-type foam depopulation system. A 1% solution of Chem-Guard foam concentrate (Mansfield, TX) was proportioned using the integral injection pump. The Avi-Foamguard uses the same Briggs & Stratton motor and Darley pump as previously described.
The foam depopulation equipment for experiments 2 and 3 meets the USDA-APHIS conditional requirements for water-based foam depopulation.
Experiment 1
In experiment 1, five call ducks and 5 Pekin ducks were depopulated with water-based foam. The ducks were purchased from commercial stocks and were of unknown age. Each bird was individually instrumented with accelerometer and ECG sensors. A 121-L (32 gal) container of foam was prepared and each bird was individually immersed in the foam. New containers of foam were prepared for each bird.
Experiment 2
In experiment 2, eight 10-wk-old Japanese quail and eight 10-wk-old chukar partridges were depopulated using water-based foam. Two birds of the same type and age were individually instrumented with an accelerometer and placed in a 61 cm × 61 cm × 69 cm (24 in. × 24 in. × 27in.) wire mesh container. No additional foam was added to make up lost volume due to bird motion.
Experiment 3
In experiment 3, three replications of 25 seven-weekold commercial Pekin ducks were depopulated using water-based foam. Two birds per replicate were instrumented, one with accelerometers and ECG and one with an accelerometer only. Birds were placed in a holding pen and a clear polyethylene sheet was used to block off 3 walls of the pen and reduce the spread of foam. Foam was applied to the side walls of the pen and allowed to flow back over the birds. No additional foam was added to make up lost volume due to bird motion.
RESULTS

Experiment 1
The mean cessation time for call and Pekin ducks individually undergoing water-based foam depopulation are shown in Table 1 . Because of the low numbers of observations, the results were not tested for normality and the cessation times were assumed to be normally distributed. Based on the assumed normal distribution, an ANOVA using Microsoft Excel (Microsoft Corp.) was performed on the data. The differences in ECG silence between duck types and the differences in motion cessation between duck types were not statistically significant at the 5% level, indicating that for ducks, water-based foam is independent of duck type.
Experiment 2
The mean cessation times for Japanese quail and chukars undergoing water-based foam depopulation in limited numbers are shown in Table 2 . As with experiment 1, because of the low numbers of observations, the motion cessation times were assumed to be normally distributed and an ANOVA using Microsoft Excel was performed on the data. The ECG data were not collected during experiment 2. The differences in mean motion cessation times for quail and chukars during water-based foam depopulation were statistically significant at the 5% level (α = 0.05).
When the results from experiment 1 and experiment 2 are compared with previous individual depopulation results from prior studies (Dawson et al., 2006; Benson et al., 2007) as shown in Figure 1 , the cessation times for call and Pekin ducks are longer than for broiler, chukar, and quail.
Experiment 3
The results from experiment 3 are shown in Table 3 and Figure 2 . In the large-scale experiment, there was 0% survivability of the birds. Although accelerometer cessation times were used for experiment 1 and 2, ECG silence was used for experiment 3 due to accelerometer recording errors.
DISCUSSION
Water-based foam has been used to depopulate turkeys (J. Howard, North Carolina Department of Agriculture, personal communication; Donn, 2007; Shane, 2008) and broilers (Dawson et al., 2006; Benson et al., 2007) . Water-based foam depopulation was not specifically designed for waterfowl. Because waterfowl are capable of holding their breath, it was assumed that cessation time for water-based foam depopulation would be greater for Anseriformes than Galliformes. Because chukar and quail are Galliformes or landfowl, it was expected that the cessation times for chukar and quail would be at least similar to that for broilers.
In experiment 2, adult chukars and quail were depopulated with water-based foam. The foam depopulation equipment was used during the same testing session to RESEARCH NOTE depopulate broilers and no modifications were made to the equipment. This suggests that water-based foam equipment is suitable for mass emergency depopulation of quail, chukars, and similar species and that no additional modifications will be required. Although ducks had longer times to cessation of activity than other species, ducks were successfully depopulated with water-based foam. The ability of the ducks to hold their breath did not appear to affect the results. The results of the experiment indicate that water-based foam can be used for mass emergency depopulation of ducks and that no additional modifications will be required; however, additional exposure time in the foam will be required. During water-based foam depopulation, the depopulation procedure is typically started at one end of the house, a layer of foam is built up, and as the layer of foam is built in one area, the foam is gradually applied to the remainder of the house, building a layer of the correct height throughout the building. Foam is allowed to remain until the bubbles begin to break down. For this reason, the additional exposure time required for ducks should not introduce additional challenges during mass emergency depopulation. This is consistent with Gerritzen et al. (2006) , who found that although there were differences in electrophysiological data between ducks and turkeys during gas depopulation, the differences did not require changes in CO 2 gas depopulation procedures.
The ECG results from experiment 3 were compared with previously collected cessation data from individual broilers. Using Raj et al. (1990 Raj et al. ( , 1992 as references, birds lose consciousness before entering into involuntary convulsions due to the suppression of brain activity. The loss of somatosensory-evoked potentials (SEP) Figure 2 . Comparison of time to cessation of movement for broilers and ducks during mass depopulation using water-based foam. also occurs at or before the onset of the clonic phase of terminal seizures, meaning that the birds are not responsive to external stimuli once convulsions begin. Cervical dislocation, which involves severing the vertebrae, has the same physiological effects with electroencephalogram (EEG) suppression, loss of SEP and onset of convulsions occurring almost instantaneously. During the convulsive phase, there is a significant difference between the time that the heart relaxes and the time that cessation of terminal convulsions occurs. It is understood that heart activity will continue for up to several minutes after brain death. Using combined statistical data from Raj et al. (1990 Raj et al. ( , 1992 , brain death in layer hens occurs at approximately 81 s. For broilers, cessation times as detected by the accelerometer ranged from 25 to 179 s, whereas EEG suspension occurred between 58 to 119 s . In ducks, ECG cessation time ranged from 235 to 331 s. The heart relaxation time in ducks occurs significantly later than in broilers. Time to cessation measurements for water-based foam were typically faster than for other methods in previous studies; however, there were species-specific differences. There are limited numbers of studies available for comparison and differences in testing methodology further limit comparisons. In most cases, the results are for small-scale studies with individual birds. In addition, variations in gas application rate and chamber volume alter gas depopulation times. With Pekin ducks, waterbased foam depopulation (352 s) was faster than CO 2 gassing (588 s; Gerritzen et al., 2006) . Water-based foam depopulation was slower (157 s) than Ar (54 s) and Ar-CO 2 (57 s) gassing of individual Japanese quail (Tserveni-Gousi et al., 1999) . In turkeys, a 70% Ar-30% CO 2 gas mixture resulted in EEG suppression in 16 s, loss of SEP in 22 s, and brain death in 35 s (Raj and Gregory, 1994) . In other trials, turkeys died within 13 min in a 45% CO 2 environment (Gerritzen et al., 2006) . Water-based foam depopulation for turkeys resulted in cessation within 255 s; however, cessation was determined manually (J. Howard, North Carolina Department of Agriculture, personal communication).
When depopulating individual broilers, the cessation time for water-based foam is typically similar to the cessation time for CO 2 . As the number of birds increases, the cessation time for gassing procedures increases while the time for cessation of activity for foam remains relatively constant. As the numbers of birds being depopulated increases, the difference between gassing and water-based foam also increases . The results from experiment 3 were compared with previous experiments with broilers using similar group sizes (Dawson et al., 2006, 20 birds per replication, cessation of activity evaluated visually). In experiment 3 of this study, cessation of activity was determined by ECG from 2 birds per replicate. In this case, the differences between ducks and broilers were clearly distinct.
In conclusion, water-based foam can be used for mass emergency depopulation of broilers, call and Pekin ducks, Japanese quail, and chukars. No modifications to existing water-based foam equipment were required with changes in species. It took longer to depopulate waterfowl with water-based foam than to depopulate landfowl.
